Inosine, guanosine and adenosine strongly stimulated proinsulin biosynthesis and insulin secretion in isolated mouse pancreatic islets. None of the purine ribonucleosides stimulated insulin secretion in rat islets, although as reported [Jain & Logothetopoulos (1977) Endocrinology 100, 923-927] inosine and guanosine, but not adenosine, were potent stimulants of proinsulin biosynthesis in this species. The purine bases had no effect in either species. D-Ribose, which enhanced proinsulin biosynthesis at 0.3 and 0.6mM but not at 5mM in rat pancreatic islets [Jain & Logothetopoulos (1977) Endocrinology 100, 923-927], produced no secretory signals in rat islets and was without any effect on proinsulin biosynthesis and insulin secretion in mouse islets. The rates of oxidation of 14C-labelled purine ribonucleosides and D-ribose in islets of the two species correlated well with their effectiveness as inducers of insulin secretion and proinsulin biosynthesis. Specific inhibitors of purine ribonucleoside phosphorylase, adenosine deaminase and of purine ribonucleoside transport suppressed the stimulatory effects of nucleosides in pancreatic islets without altering the effect of D-glucose. The same inhibitors also markedly diminished the oxidation rates of the labelled purine ribonucleosides. The experiments clearly indicate that proinsulin biosynthesis and insulin secretion are modulated through metabolic signals and not through interactions of intact substrate molecules with cell receptors.
Inosine, guanosine and adenosine strongly stimulated proinsulin biosynthesis and insulin secretion in isolated mouse pancreatic islets. None of the purine ribonucleosides stimulated insulin secretion in rat islets, although as reported [Jain & Logothetopoulos (1977) Endocrinology 100, 923-927] inosine and guanosine, but not adenosine, were potent stimulants of proinsulin biosynthesis in this species. The purine bases had no effect in either species. D-Ribose, which enhanced proinsulin biosynthesis at 0.3 and 0.6mM but not at 5mM in rat pancreatic islets [Jain & Logothetopoulos (1977) Endocrinology 100, 923-927], produced no secretory signals in rat islets and was without any effect on proinsulin biosynthesis and insulin secretion in mouse islets. The rates of oxidation of 14C-labelled purine ribonucleosides and D-ribose in islets of the two species correlated well with their effectiveness as inducers of insulin secretion and proinsulin biosynthesis. Specific inhibitors of purine ribonucleoside phosphorylase, adenosine deaminase and of purine ribonucleoside transport suppressed the stimulatory effects of nucleosides in pancreatic islets without altering the effect of D-glucose. The same inhibitors also markedly diminished the oxidation rates of the labelled purine ribonucleosides. The experiments clearly indicate that proinsulin biosynthesis and insulin secretion are modulated through metabolic signals and not through interactions of intact substrate molecules with cell receptors.
The molecular mechanisms underlying the stimulation of proinsulin biosynthesis and insulin secretion in pancreatic fl-cells by glucose are not yet well understood. Two hypotheses have been advanced to explain the generation of stimulating signals by glucose. According to the 'metabolic' or 'substratesite' hypothesis (Grodsky et al., 1963; Coore & Randle, 1964; Malaisse et al., 1976) , the signals triggering proinsulin biosynthesis and insulin secretion arise from glucose metabolism. On the other hand, according to the 'glucose receptor' or 'intact glucose' model an interaction of glucose with a membrane or cytosol receptor generates the triggering signals (Matschinsky et al., 1972; Ashcroft et al., 1973; Niki et al., 1974) . Each of these hypotheses can be supported independently by a great number of experimental findings.
Data on the potent stimulation of insulin secretion and proinsulin biosynthesis by D-glyceraldehyde could not be easily reconciled with the 'intact glucose model' (Ashcroft et al., 1973; Hellman et al., 1974; Jain et al., 1975 ). Capito & Hedeskov (1976 showed that inosine, which effectively maintains glycolysis (Whittam & Ager, 1965) in the erythrocyte, Abbreviation used: Hepes, 4-(2-hydroxyethyl)-l-piperazine-ethanesulphonic acid. Vol. 170 induced a strong insulin secretion in mouse islets. Furthermore, we (Jain & Logothetopoulos, 1977) have shown that purine ribonucleosides, inosine, guanosine and D-ribose stimulate proinsulin biosynthesis in rat islets. The stimulatory effect of the two nucleosides on proinsulin biosynthesis was nearly abolished by Formycin B, an inhibitor of purine ribonucleoside phosphorylase (EC 2.4.2.1) (Jain & Logothetopoulos, 1977) .
The present paper reports further observations of the metabolism of the purine ribonucleosides and D-ribose by the pancreatic islets of the rat and the mouse in relation to their effects on proinsulin biosynthesis and insulin secretion. The experimental results provide substantial support for the metabolic origin of the primary signals initiating proinsulin biosynthesis and insulin secretion. (Jain & Logothetopoulos, 1977) of the collagenase method of Lacy & Kostianovsky (1967) . Four to five pancreases were processed simultaneously.
Proinsulin biosynthesis
The methods used for the measurement of the rate of proinsulin biosynthesis were identical with those reported in detail in our previous publication (Jain & Logothetopoulos, 1977) . Insulin secretion A novel approach was used for the study of insulin secretion. This technique has advantages over standard measurements of secreted insulin by immunoassay, e.g.: (i) a low basal (without any substrate) secretion rate; (ii) steeper differences with increasing concentrations of glucose; (iii) low standard deviations within groups of islets exposed to the same secretory stimulus. After isolation, pancreatic islets were incubated in a 60mm x 15mm Falcon plastic Petri dish in a water-saturated atmosphere of air/CO2 (19:1) at 37°C for 12-14h in 4ml of F12K tissue-culture medium (Kaighn, 1973) containing 10mM-D-glucose, 12.5 % (v/v) foetal calf serum, fungizone (6.25 ,g/ml), kanamycin (100,ug/ml) and penicillin sulphate (35,ug/ml). The islets were then incubated for 150min in a leucine-free F12K medium to which was added [3H] leucine, 10mM-glucose, 1mg of albumin/ml and the above-mentioned antibiotics. The radioactive medium was removed completely and the islets were washed with 3 x 6ml of cold Krebs-Ringer bicarbonate buffer (Umbreit et al., 1964) , pH7.4, containing 3 mM-leucine. Groups of eight to ten islets were then placed in individual tubes. Five to seven tubes were randomly selected for a particular treatment. Islets were incubated in 0.3 ml ofKrebs-Ringer bicarbonate buffer containing 10mM-Hepes, 5mg of albumin/ml and the substrate to be tested under continuous gassing with 02/CO2 (19: 1) in a Dubnoff metabolic shaker for 90min. At the end ofthis period the medium was separated from the islets and transferred directly to a tube containing anti-insulin y-globulin (guinea pig) in 0.1 M-sodium phosphate buffer, pH7.5, with 0.05M-NaCl, 0.05% sodium dodecyl sulphate and 0.5% Triton X-100. The islets were extracted with 1 ml of cold acid alcohol for 48 h at 40C. Labelled proinsulin and insulin in the medium and in the extract were measured quantitatively by a double-immunoprecipitation technique .
Oxidation oflabelled substrates
The amount of 14CO2 released from 14C-labelled substrates was measured by a specially adapted radiospirometric device (Cole & Logothetopoulos, 1974) .
Expression ofresults
In the experiments involving insulin biosynthesis the volume of each islet was measured by a method described earlier (Jain & Logothetopoulos, 1977 Table 1 shows the effects of inosine, guanosine, adenosine, D-ribose and D-glucose on the incorporation of [3H]leucine into proinsulin and insulin by mouse pancreatic islets. The effects of purine ribonucleosides and D-ribose on proinsulin biosynthesis in rat islets have already been reported (Jain & Logothetopoulos, 1977 (Jain & Logothetopoulos, 1977) , produced a strong stimulatory effect at 0.3 and 0.6 mM on rat islets, which declined to basal values at high concentrations. The corresponding free purine bases exerted no effect on proinsulin biosynthesis, in either rat or mouse islets. As previously reported (Jain & Logothetopoulos, 1977) , the effect of nucleosides was highly specific for proinsulin biosynthesis, since incorporation of [3H]leucine into other islet proteins was not significantly stimulated.
The secretory responses of mouse and rat islets to purine ribonucleosides are shown in Table 2 and Fig. 1 (Table 2 and Fig. 1 ). The free purine bases exerted no stimulatory effect on insulin secretion in rat or mouse islets ( Table 2) .
The effects of inhibitors of purine nucleoside phosphorylase (Formycin B) (Sheen et al., 1968) , of adenosine deaminase (Coformycin) (Sawa et al., 1967) and of nucleoside transport p-nitrobenzylthioguanosine (Paterson & Oliver, 1971) on proinsulin biosynthesis and insulin secretion induced by purine ribonucleosides or glucose are given in Tables 3, 4 and 5. p-Nitrobenzylthioguanosine abolished the stimulatory effects of all three nucleosides ( Ribose at 5 mm inhibited its own metabolism in rat islets. One-third as much CO2 was released when 1978 rat islets were incubated with 5mM-D-ribose as with 0.6mM (Fig. 2) . 
Discussion
Our experiments revealed great differences in the responses of rat and mouse pancreatic islets to purine ribonucleosides and to D-ribose. The metabolism of these compounds by the islets of these species also showed marked quantitative differences. The high rates of decarboxylation of inosine by mouse and rat islets and of adenosine by mouse islets indicate that pancreatic-islet cells possess transport systems for the nucleosides and enzymes for their catabolism. The presence of nucleoside phosphorylase (EC 2.4.2.1) in pancreatic islets of the mouse has been reported by Capito & Hedeskov (1976) . This enzyme in mammalian tissues has a higher intrinsic activity for inosine and guanosine than for adenosine (Zimmerman et a., 1971) . Adenosine has to be deaminated by adenosine deaminase (EC 3.5.4.4) before being split by the phosphorylase. Mouse (Idahl & Hellman, 1968; Matschinsky & Ellerman, 1968 (Fig. 2) . D-Ribose at 0.6mM maximally stimulated proinsulin biosynthesis, but at 5mM was ineffective as a stimulus (Jain & Logothetopoulos, 1977) . It should be mentioned that in erythrocytes a high concentration of ribose inhibits its own metabolism (Lachhein & Mathies, 1959; Kim & McManus, 1971) .
Further strong support for the metabolic model for the origin of the triggering primary signals was supplied by the experiments with the inhibitors of purine nucleoside phosphorylase, adenosine deaminase and the inhibitor of purine nucleoside transport. p-Nitrobenzylthioguanosine almost completely abolished the effects of the nucleosides on proinsulin biosynthesis and insulin secretion (Table 3) . Coformycin, the inhibitor of adenosine deaminase, abolished the effect of adenosine, but not of inosine (Table 5 ). Formycin B, the inhibitor of purine nucleoside phosphorylase, suppressed the effects of the nucleosides on proinsulin biosynthesis in rat and mouse islets and insulin secretion in mouse islets. A toxic effect of the three inhibitors is excluded, as they did not diminish the effect of glucose on proinsulin biosynthesis and secretion (Tables 3, 4 (Table 7) .
Our experiments do not permit a definite conclusion about the metabolic intermediates that would constitute metabolic signals. 5-Phosphoribose through the later enzymic steps of the hexose monophosphate shunt will give rise to fructose 6-phosphate, fructose 1,6-bisphosphate and glyceraldehyde 3-phosphate. Concentrations of many glycolytic intermediates can be expected to change. Any of these intermediates could be triggering signals for stimulating biosynthesis and insulin secretion. Pyruvate has been shown by many researchers to be ineffective in stimulating insulin biosynthesis or secretion (Grodsky et al., 1963; Coore & Randle, 1964; Kilo et al., 1967; Lin & Haist, 1969) . Tricarboxylic acid-cycle intermediates and pyruvate itself appear to be unlikely candidates. The effectiveness of nucleosides in inducing proinsulin biosynthesis and insulin secretion leads us to conclude that the signals arising from glucose, the physiological stimulus for fl-cells, are probably of a similar nature. An intracellular metabolic signal should not be considered incompatible with the well-documented changes of fl-cell membrane activity and permeability on exposure to glucose (Dean & Matthews, 1970; Malaisse et al., 1973; Bukowiecki & Freinkel, 1976) . Plasmalemmal modifications can be induced from the cell interior as well as from the cell exterior.
The identification of the metabolic signals and 1978 their coupling to proinsulin biosynthesis and insulin secretion remain intriguing problems to solve. The availability of substrates, such as the purine ribonucleosides which strongly stimulate f,-cells but enter metabolic pathways through initial enzymic steps different from those for glucose, will undoubtedly help in the solution of the problem.
